INTRODUCTION

SWITCHING SEQUENCE
A single resistor on-load tap changer comprising fixed contacts F1 and F2, transitional arcing contact T, main arcing contact M and bridging resistor R is shown in Fig. 1 . A command initiates the switching operation from normal running position 1 to position 2, such that contact T starts to move left towards contact F2 (Fig. 1a) . As T approaches F2 a recovery voltage VR 1 (equal to the tap step voltage VS) is established that gives rise to arcing. The moment T makes contact with F2 ( Fig. 1b) a circulating current I CIRC (= VS/R) flows in the opposite direction to the direct load current I L . Contact M now starts to move away from F1 ( (Fig. 1d) is the last transitional arrangement preceding the second normal running position where contact T is separated from F2 and M without arcing since no current is interrupted (Fig. 1e) .
This paper presents an analysis of the reverse power flow capability of on-load tap-changers with the aim to find the penetration level of distributed generation that can be connected to the network. An in-detail analysis of the switching sequence during tap changing is presented first.
The physical constraints that limit the switching process are then identified, and calculation of the reverse power flow capability is done by solving the optimisation problem.
BACKGROUND
Increased connection of distributed generation (DG) to the distribution network has precipitated a number of studies to establish its impact and determine the limiting factors. Power flow, voltage regulation, fault level, power quality and stability studies were done under several DTI/Ofgem and distribution network operators' programmes [1] - [7] . Power flow studies revealed that DG connections might be constrained by the different capabilities for direct and reverse power flow of some network components. Specifically, certain types of on-load tap changers place constraints on the magnitude of reverse power flow through transformers.
An analysis of the reverse power flow capability of on-load tap changers is presented in this paper. There are two types of on-load tap changers; reactor type and resistor type. The resistor type are classified as either double resistor or single resistor arrangements. The reactor type and double resistor type on-load tap changers offer symmetrical characteristics to direct and reverse power flows and therefore do not give rise to reverse power flow problems. The single resistor on-load tap changers use the asymmetric "pennant" cycle switching operation which gives rise to different make/break currents and recovery voltages under direct and reverse power flow conditions [8] .
This paper is arranged as follows. A detailed analysis of the switching sequence during the tap changing operation of a single-resistor tap-changer is given to establish the quantities relevant to the switching process. Modelling of the electrical arc is briefly described and the main constraints are identified. The selection of a tap-changer bridging resistor is presented next. Finally, a formulation of the non-linear optimisation model that determines the maximum reverse power capabilities of a tap-changer is detailed. The developed model is supported by the results obtained for existing tap-changers installed on primary transformers (33/11 kV). To analyse the tap-changing process in the reverse direction, we consider the switching operation is initiated from the starting position 2 (Fig. 1e) towards the normal running position 1 (Fig. 1a) . Both contacts T and M move now right
and establish the transitional switching arrangements that are the same as those of Fig. 1 , however, they are reached in reverse order. A summary of the main quantities that describe the switching process is given in If we suppose that load current I L has changed direction, we can see that the main contact M will have to make and break current (I L + I CIRC ) under the recovery voltage of (VS + R . I L ). This is a more onerous operating regime and it will lead to a reduced reverse power flow capability. 
ELECTRICAL ARC
It has been shown that switched current and recovery voltage are very important quantifiers of a switching process. Another important quantifier is arc extinguishing and this is also very much dependent on dissipation of the heat that is generated during the arcing process [9] . This heat is closely linked to the total energy of the arc, which can be defined as W a =∫v a (t)·i a (t)·dt, where v a (t) is the voltage drop on the arc and i a (t) is the current to be interrupted. The total energy is therefore a very important characteristic of the whole switching process since it describes the overall switching conditions. However, it is a difficult task to calculate or measure the total energy of the arc and this quantity is in practice usually replaced with the "apparent power that can be switched (kVA)" often called "switched kVA". Since the voltage drop on an arc is a highly non-linear function of the arc current, the definition of the apparent power that can be switched is not straightforward and it should be provided by the manufacturers.
SELECTION OF THE BRIDGING RESISTOR
Selection of the bridging resistor is done by considering the direct power flow and the switching regimes presented in Table 1 . A simplified flowchart of a selection approach is given in Resistance of the bridging resistor is initially selected by considering the constraint imposed on the circulating current.
C C I I R R E E D D
Calculation of the reverse power flow capability can be stated as the following optimisation model: find the maximum reverse load current that satisfies constraints on permissible switched current, recovery voltage and switched kVA. In mathematical terms, the problem of finding the capability with respect to the nominal rating is as follows:
This resistance is the first value in the list of descending resistance values of the standard resistors produced by a manufacturer, that satisfies condition:
where k is a factor slightly greater than unity that limits the circulating current to a value slightly less then I N L . Closer inspection of the switching regimes in Table 1 shows that the regime by which current I L is switched under recovery voltage R·I L is most onerous. It is therefore necessary to check whether the constraints on the recovery voltage and on the switched kVA are satisfied in this regime:
where I M L (A) is the maximum nominal current (rating), VS M (V) is the maximum working voltage per tap-step, S M (VA) is the allowable power that can be switched, X is the apparent power exponent and circulating current I CIRC is equal to VS/R. Constraint (7e) is introduced to limit the variation of the reverse load current, which must be non-negative and less equal to the permissible direct load current I L . Optimised solution k N* should be multiplied by the nominal MVA rating of the transformer to get the nominal reverse MVA capability.
where X is the apparent power exponent that accounts for non-linearity of the arc model and is dependent on the type of the tap-changer used. If either of the constraints (4) and (5) is violated, resistance R is reduced to the first lower value and the constraint on the circulating current is checked: Table 1 show that where a tap-changer is subjected to a reverse power flow, the most onerous regime is when current (I L + I CIRC ) is switched under recovery voltage (VS + R . I L ). The reverse power flow capability of a tap changer can be expressed in terms of either one or two coefficients depending whether the transformer has a CER rating. The first coefficient k N defines the maximum permissible reverse load current I 
Non-Unity Power Factor
Vector diagrams of the switched current and the recovery voltage for the most onerous switching regime with regard to the reverse power flow are given in Fig. 3 [10] . Magnitudes of the switched current and the recovery voltage can be calculated from equations:
Unity Power Factor
. (10) Equations (9) and (10) can be used to build the optimization models that are analogous to models (7) and (8), and that would give the maximum reverse power flow capability for the assumed power angle θ. However, both Fig. 1 and expressions (9) and (10) show that the greatest magnitudes of the switched current and the recovery voltage by reverse power flow conditions are experienced where power angle θ Selection of the resistance of the bridging resistor and calculation of the reverse power flow capability is usually done under the assumption that the load current is in phase with the primary side voltage, that is, the power factor is equal to unity. We can then use quantities already presented in Table 1 .
C C I I R R E E D D
is equal to zero. The models (7) and (8) 
Solution Procedure
Non-linear optimization models (7) and (8) ) is reduced such that these constraints are met, and it is then plugged into inequality (7d) (or (8d)). If non-linear inequality (7d) (or (8d)) is violated, iterative procedure that consists of coarse and fine adjustments of coefficient k N (or k CER ) is used to find the maximum coefficient value that still satisfies the corresponding constraint. All violated constraints and the binding constraint are stored to give insight into the reverse power flow limiting factors.
TEST RESULTS
Desktop software has been developed to verify the methodology for reverse power flow calculation. One type of single-resistor tap-changers that are mounted on the highvoltage side (33 kV) of primary transformers was analysed. The results, characteristic for this type of tap-changers, are summarized in Table 2 . Here, column "Rating (MVA)" gives both the nominal MVA rating and the CER, R (Ω) is resistance of the bridging resistor, column "Violated constraints" gives the constraints that would have not been met had the reverse power coefficient been 100 %, and column "Binding constraint" presents the critical constraint that determines the optimised reverse power flow capability.
Configuration of the high-voltage side windings (i.e. star or delta connection) is a very important factor for the reverse power flow capability. Specifically, for tap-changers where the current (and the switched kVA) constraint is the limiting factor, transformers whose primary side windings are delta connected generally have higher reverse power flow capability because current through the winding is lower than in case of star connected windings. When transformers of Table 2 ) are compared, it can be concluded that the smaller transformer has greater reverse power flow capability (nominal current is smaller). The fourth Yy0 transformer from Table 2 has a tap-changer with relatively large resistance, which gives rise to the recovery voltage that becomes violated as well. However, this transformer has the largest reverse power flow capability among Yy0 transformers because circulating current is now small and switched kVA becomes the critical constraint. When Dy11 transformers are considered, it can be seen that decreasing the resistance leads to reduction of the reverse power flow capability because circulating current increases. Besides, the voltage constraint is more often violated because the voltage tap-step is greater than with Yy0 transformers. Big transformers (such as Dy11 19/38 MVA) are usually equipped with relatively small resistances (Selection of the bridging resistor -relation (2)), which gives high circulating currents and relatively low reverse power flow capability. This might become an issue particularly with Yy0 transformers, in which case circulating current might become greater than the maximum permissible current leading to the zero reverse power flow capability.
In some instances, transformer windings were re-configured from star to delta connection (or vice versa) but no attention was paid to the tap-changer. For example if we consider the first transformer from Table 2 and change the winding connection to Dy11, it will be obtained that the circulating current is greater than the maximum permissible current. This means not only the reverse power flow capability is zero, but the transformer operating at no load condition has to switch current that is greater than the permissible rating ( Table 2 versus power angle θ is given in Fig. 4 . The reverse power flow capability increases as the power factor decreases, such that the worst-case operating regime is experienced for unity power factor. 
CONCLUSIONS
This paper presents an analysis of the reverse power flow capability of the single-resistor tap-changers. It describes the switching sequence during a tap-changing process and identifies critical regimes that should be used for both tapchanger selection and reverse power flow calculation. The constraints that must be met during switching are defined and an optimisation model that gives the maximum reverse power flow capability is developed. The developed model is applied to one type of single-resistor tap-changers, and conclusions on the variation of the reverse power flow capability with respect to vector group, size of transformers, resistance of the bridging resistor and power factor are presented.
